Antigenic relationships among seven strains of Bradyrhizobium japonicum were examined by immunodiffusion reactions, in which cells of each strain were reacted against each of the seven corresponding antisera. Similar analyses were performed with Rhizobium trifolii (28 strains), Rhizobium meliloti (9 strains), and rhizobia of the cowpea miscellany (13 strains). Antigens and antisera were reacted within each species only; serological interspecies cross-reactions were not performed. The results, scored qualitatively as reactions of identity, cross-reactions, or no reaction, were formed into datum matrices and used to analyze the relationships between strains by applying the association measure of Bray and Curtis (J. R. Bray and J. T. Curtis, Ecol. Monogr. 27:325-349, 1957) and the UPGMA clustering algorithm (P. H. A. Sneath and R. R. Sokal, Numerical Taxonomy, 1973). No two strains were regarded as being serologically identical unless each gave the same results as the other in each immunodiffusion reaction against every antiserum. Despite the high level of cross-reactions and reactions of identity (totalling 93% of all cell-antiserum combinations) among strains of R. trifolii and R. meliloti, no strains were identical by the criterion described above; however, the strains of these species clustered rapidly and fused at the 70% similarity level. The B. japonicum strains and the rhizobia of the cowpea miscellany were much less cross-reactive (67 and 86% of all combinations were negative, respectively), and they clustered more slowly. The strains of B. japonicum fused completely only at the 4% similarity level, whereas of the 13 cowpea-nodulating strains, 4 reacted as two pairs of identical strains and 6 remained unfused.
Serological methods are used widely to identify Rhizobium strains (13, 30) . Generally, such identifications are based on the use of homologous antisera against at least some of the strains under investigation. However, there are occasions when no homologous antiserum is available for any of the strains. In such circumstances, it may be possible to use existing antisera against known strains to distinguish between unknown isolates by immunodiffusion on the basis of reactions of identity with known strains, the nature of their cross-reactions, or their failure to react with a particular antiserum. By such an approach, with antisera against 25 strains of Rhizobium trifolii in our stock collection, it was possible to examine 16 strains of R. trifolii isolated from nodules taken from field-grown uninoculated clover plants and show that they could be divided into 10 groups (seven distinct individual strains, two separate pairs, and a residual group of five) (25) .
This result encouraged us to use all our stock antisera against R. trifolii, Rhizobium meliloti, Bradyrhizobiumjaponicum, and cowpea-nodulating strains in immunodiffusion reactions with all antigens belonging to their respective cross-inoculation groups to learn whether further information about the antigenic relationships between these strains could be obtained. The results were analyzed by using a numerical taxonomic treatment which does not appear to have been applied previously to serological data. Strains which would be regarded as being identical on the basis of reciprocal reactions of identity with their respective antisera were found not to be identical when their overall behavior with respect to the whole range of antisera was compared.
MATERIALS AND METHODS
Bacteria. The strains of organisms used in this study are shown in Table 1 . When they were to be used as antigens for the immunization of rabbits, the bacteria were grown on a glutamate-mannitol agar defined medium (5); otherwise, they were grown on yeast extract-mannitol agar medium (9) . Antisera. Rabbits were immunized, and the antisera were tested and pooled as described previously (26) . The various antisera used in this study had been prepared at different times over a period of 20 years (from 1962 to 1982) and were stored without preservatives at -20°C.
Antigens for immunodiffusion. Dense suspensions of cells, containing between 20 and 50 mg of cell dry matter per ml, were prepared by centrifuging cells washed from slopes of yeast extract-mannitol agar. Suspensions of R. trifolii and R. meliloti were used without further treatment, but suspensions of B. japonicum and cowpea-nodulating strains were heated by immersion in boiling water for 30 min (12) .
Immunodiffusion. Immunodiffusion reactions were performed in gels of 0.75% Oxoid ID agar in 0.85% sodium chloride and 0.025% sodium azide. Layers were 4 mm thick, and wells were 4 mm in diameter and were spaced 8 mm between centers. The wells were located in hexagonal arrays around a central well; this configuration allowed suspensions of each heterologous strain to be placed adjacent to suspensions of the strain homologous to the antiserum being used. The gels were kept over wet filter paper in plastic boxes at 4°C and were examined regularly during the following 2 weeks. When a possible weak reaction was obscured by a stronger reaction from a neighboring well, the immunodiffusion was repeated without the interfering strain. All negative results were confirmed by repeating the immunodiffusion reactions with cell suspensions of greater density, which were obtained by centrifuging the suspensions previously used and suspending the cell pellets in smaller volumes of saline.
The immunodiffusion results were recorded as being reactions of identity, cross-reactions, or no reaction, with particular emphasis given to the major precipitin band of the homologous strain. These major bands are of lipopolysaccharide origin (7, 18, 19, 34) . When a heterologous strain gave a reaction of identify (22) with the major band of the homologous strain, it was scored as being identical with the latter strain whether or not it possessed any of the additional bands that may have been observed with the homologous strain. No attempt was made to look for, or to identify, the group antigens (31, 32) . Sometimes a strain possessed, apart from the identical major band, additional bands not detected in the homologous strain; such a reaction was interpreted as being one of identity. In the absence of a reaction of identity with the major band of the homologous strain, the formation of other precipitin bands, whether or not they were identical to the corresponding bands of the homologous strain, was scored as a cross-reaction. No attempt was made to distinguish between different types of cross-reactions, and no account was taken of the strength of a reaction, which was indicated by the density of a precipitin band. The scoring process was strictly qualitative.
Numerical taxonomy. The numerical taxonomy package NTP (4) where Xik is the value of the ith object (cells or antisera) on the kth of m attributes. The symmetric matrices thus obtained were then analyzed with the UPGMA clustering algorithm (29) .
RESULTS AND DISCUSSION
The results obtained with B. japonicum are given in greater detail, as illustrative examples, than are those obtained with the other species. The immunodiffusion results are shown in Table 2 , and the dendrogram of antigenic relationships generated from these results is shown in Fig. 1 . The numerical scale represents a measure of differences between the strains, with 0 representing no difference (i.e., identity) and 1 representing maximum difference on the basis of the results in Table 2 .
Similar data (not shown) wete obtained with R. trifolii, R. meliloti, and cowpea-nodulating strains; the results are summarized in Table 3 . Despite the marked degree of reactivity among the strains of R. trifolii (Table 3) , none of them were identical; however, the antigenic relatedness between the strains of R. trifolii is indicated by the fusion of all the strains of this species at 0.287 on the difference scale.
R. meliloti strains exhibited the highest incidence of reactions of identity between heterologous strains, but again, as was the case with R. trifolii, none were found to be identical in their spectrum of reactions against all the antisera tested (data not shown). The wide cross-reactivity among strains of R. meliloti, especially among those that have been maintained in culture, is well known (15, 19, 27, 
33).
The greater degree of serological unrelatedness among strains of B. japonicum is shown by their lack of fusion below 0.965 (Fig. 1) . The most extreme results were obtained with the 13 cowpea-nodulating strains, among which 93% of the heterologous cell-antiserum combinations gave no reaction (Table 3) ; 6 of these strains were distinct individuals, reacting with their respective homologous antisera only. However, cowpea-nodulating strains QA922 and 61B9 were identical to each other in all their spectra of reactions (data not shown), and strains 29C2 and 32Z3 were also identical to each other.
Inconsistencies were noted between the present results for some of the B. japonicum strains (USDA123, USDA127, and USDA129) and the results obtained in an earlier study with these strains by using the same antiserum preparations (12) . More cross-reactivity was found among these strains and IJSDA110 in the previous work, when the antisera were freshly prepared, than was found in the present investigation, in which the antisera used had been stored for 4 to 23 years. No simple explanation can be offered for this difference except that the decrease in cross-reactivity may be correlated with the increased age of the antisera. Serological Table 2 by the association procedure of
Bray and Curtis (6) and the UPGMA algorithm (29) .
cross-reactivity between strains USDA123 and USDA127, and betw-een strains USDA123 and USDA129, by using fluorescent antibodies, has also been reported recently (24), but no cross-reactivity was found in that study between strains USDA127 and USDA129, although our earlier investigation (12) detected a cross-reaction between anti-USDA127 antiserum and USDA129 cells. These discrepancies may be explained by differences in the antibody responses obtained with different individual rabbits or by differences attributable to the serological techniques used (immunodiffusion and fluorescent antibodies, respectively). However, no simple explanation is proposed to explain why we found that anti-USDA127 antiserumn reacted identically with strain CB1795 whereas no cross-reaction between these reactants was detected by agglutination in an earlier investigation (10). It must be emphasized that the present work was not intended to be a definitive study of the antigenic relationships among strains of rhizobia; rather, the purpose was to determine what additional information could be obtained by using all the antisera in our stock collection against strains of various Rhizobium species. The present study shows that it is not always sufficient to rely on the homologous antisera when identifying isolates by immunodiffusion. It is standard practice to prepare antisera against known Rhizobium strains and to base the identification of field isolates on reactions of identity in the original sense as described by Ouchterlony (22) . Such reactions of identity should perhaps be regarded as necessary but insufficient proofs of serological identity which should be confirmed by further reactions with other antisera or by other methods when required.
It must be stressed that patterns of results such as those shown in Table 2 and Fig. 1 were dependent on the particular range of cells and antisera that were used, which were chosen because of their availability. If other strains or antisera had been used, or if more strains and antisera were added to those used in the present comparisons, the results might have been different.
It would be impracticable and expensive, in terms of antisera, to examine every Rhizobium isolate against standard sets of antisera before making identifications of field isolates. However, it is important that the serological relationships among strains used in such experiments be investigated comprehensively, preferably in advance, in order to have increased confidence in the interpretation of the results (15, 23, 30) .
When strains that must be identified and distinguished from each other are chosen on a basis other than that of serological relationship (e.g., symbiotic performance), it may not be possible to distinguish among them serologically, and other methods of strain identification, such as intrinsic antibiotic resistance or protein profile patterns (14, 21) or DNA colony hybridization (16) , would have to be tried instead.
The method used here to generate serological data suitable for numerical taxonomic analysis was extremely simple but effective. To our knowledge, the only serotaxonomic study that approaches the simplicity of ours was one of seed proteins, in which immunodiffusion reactions were scored on the basis of the presence or absence of precipitin spurs between adjacent antigen wells; these spurs were correlated with cross-reactions (8) . Many serotaxonomic studies have been reported, but nearly all involve some form of quantitative serological procedure (17) and are based on the premise, stated or implied, that the results should be treated as associations rather than as attributes. If the data are treated as representing purely some measure of association, problems are raised in the use of this form of data in numerical taxonomy for further analysis of the relationships, because subsequent analysis may be complicated in some cases by the existence of a rectangular asymmetric matrix (e.g., see reference 28).
The numerical taxonomic approach used here was derived from studies which attempted to develop an improved method for defining affinity or proximity between plant species (1-3). In these studies, an asymmetric matrix containing measures of "distance" between species was obtained as an intermediate product. By treating such a matrix as data and not simply as a matrix of associations or proximities, the application of an appropriate measure of aValues of 0 and 1 represent total similarity and total dissimilarity, respectively, on the basis of the immunodiffusion results in Table 2 .
association (6) No information about relationships is assumed when both members of a pair of strains being compared fail to react with an antiserum (i.e., when both strains exhibit a reaction of 0). In addition, the higher the values assigned to the reactions (i.e., 2 for a reaction of identity, 1 for a cross-reaction, and O for a negative result), the greater is the emphasis placed on the comparison. The production of an association measure by the formula of Bray and Curtis (6) inherently utilizes this weighting. For example, two strains being compared against a single antiserum which give reactions of 1 and 2, respectively, would be closer than if they were to exhibit reactions of 0 and 1 (e.g., see Table 4 ).
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